ABSTRACT. The uptake of substrates by the pregnant uterus defines the "diet" of the uterus and conceptus. In order to determine the uterine substrate uptake, catheters were placed in the femoral artery and uterine veins of guinea pigs at 40-49 days gestation. After at least 2 days recovery from perioperative stress, systemic arterial and uterine venous concentrations of oxygen, glucose, lactate, acetoacetate, 8-hydroxybutyrate, acetate, and free fatty Received Novcmher 7, 1983, acccptcd March 26, 1985 
et 01. (20) and Lemkin and Farquhar ( 2 ) permitted to clear any heparin originally in the catheter, so that FFA levels would not be elevated. Preliminary observations in our laboratory have shown that 10 min is sufficient time lo wait for FFA levels to return to control values after flushing the heparin in the catheter dead space (approximately 10 U/kg). 'The animals werc transfused isovolumetrically with conipatible guinea pig blood immediately after the last sample withdrawal in the study.
Each animal was restudied the next day, if the catheters remained patent. During the study, the animals were allowed to move freely about their cages with free access to food and water. On completion of the second study, each animal was sacrificed in order to determine the weights of the uterus, placentae, and fetuses; both in the catheterized and noncatheterized uterine horns, and to verify the position of the catheters.
Gestational age was obtained from the date of breeding supplied by the breeders and confirmed using published growth charts of the fetal guinea pig (6, 13, 14) .
Anulyficu/ methods. Oxygen content was measured with a Lex-0%-Con (Lexington Instruments, Lexington, MA). Whole blood glucose, lactate, P-hydroxybutyrate, acetoacetate, and acetate were measured by standard enzymatic methods (9, 15) . FFA were measured by the method of Ho (16) .
Each assay was performed in triplicate for each sample for each vessel. Thus, the mean value for each day from a given vessel represented the mean of three assays on four samples for the same vessel, or the mean of 12 analyses. Interreplicate variations for analyses of oxygen and of glucose, lactate, and ketoacids ("substrates") were each less than 1%. Intersample variability within a vessel on a given day for oxygen and substrate concentration was 7% (mean -t 2 SD). Overall estimate of the mean fhr the 12 analyses from a given vessel on a given day was within 1.5% for oxygen and substrate measurements. Arterial and venous concentrations of oxygen and substrates between draws of a set were not independent; the mean value of the AV difference was used as a single estimator in the statistical analyses between animals. Statistical analyses of the interanimal variation are given in the data tables. We observed no consistent pattern of variation of arterial or venous concentrations, or AV concentration differences, within sample sets on a given day, nor between days on animals studied twice.
Cuiculation.~. Substrate metabolic quotients were calculated by means of the following equation:
where K = number of moles of 0 2 required for complete oxida Sfutistics. Statistical analysis was performed using paired or unpaired t tests as appropriate. Replicate determinations on samples from each animal were averaged to give a single value for each animal for each study day. Where a single animal was studied on 2 consecutive days, the mean values for each day were averaged to give a mean value for that animal. For statistical purposes, n was taken to equal the numer of animals. Results are expressed as mean -+ SEM unless otherwise noted. Table 1 presents the maternal weight, gestational age, total number of fetuses, and number of fetuses in the catheterized horn in 13 chronically catheterized preparations. All animals were between 40 and 49 days gestation at the time of study. There were at least two fetuses in each catheterized horn. Seven of the 13 animals were studied on 2 consecutive days; six were studied once. Table 2 presents the mean arterial and uterine venous substrate and oxygen concentrations, and the uterine AV differences. There was a significant net flux of 0 2 , glucose, and acetate from maternal blood to pregnant uterus to maternal blood (JI < 0. Metabolic quotients for glucose, lactate, ketoacids, and for fatty acids are presented in Table 2 . Of the measured substrates, the uterine glucose/oxygen quotie~lt was the largest, averaging 1.22 i 0.07. Ketoacids demonstrated small AV differences and metabolic quotients, which were not statistically significant, The acelate/oxygen quotient was small but statistically significant: while the FFA uptake was not statistically significant.
Data demonstrating the necessity for collecting such uterine metabolic data under chronic steady state conditions are shown in Figure 2 . Comparing acutely and chronically obtained values, uterine oxygen AV differences and coefficients of extraction were large in both acute and chronically catheterized animals, and were not significantly different. However, uterine glucose AV differences and uterine glucose extraction were both significantly greater in the acute compared to the chronic animals, with correspondingly greater glucose/oxygen metabolic quotients. (4) . Metabolism o f glucose only as far as lactate "spares" as much oxygen by lactate production as would be 'konsumed" by glucose oxidation: no net oxygen is required for this reaction overall. Analogously, glucose consumption for lipogenesis is indeed an oxygen "producing" process. Third, the net production of a given substrate (e.g. lactate) need not imply that it is actually produced from carbon dioxide and water, but only that a stoichiometric amount of carbon dioxide and water could be consumed and oxygen produced, if such were to occur. In fact, from an energetic and enzymatic point of view, it is much more likely that lactate is produced from glucose or other organic substrates; the sign convention only derives from the above construct that the consumption of glucose and production of lactate are expressible in a common currency of energy, oxygen, and an array of products of complete oxidation.
From a quantitative point of view, bomb calorimetry presents an analogous type of measurement. Bomb calorimetric measurements of the caloric value of a substrate measure the calories produced by complete oxidation of that substrate; measurements of the bomb calorimetric value of a product represent the calories that would be required to produce the substrate product from the products of complete oxidation. Thermodynamics require that the caloric value of a given substance is intrinsic to the molecule, and not dependent on the route of synthesis. Thus, if the net quantitative balance of all nutrients entering and exiting an organism is completely known, then the sum of the net caloric production plus net caloric value of tissue accretion are also completely known and the net oxygen consumption can be calculated. This equivalence of calories and oxygen forms the basis for indirect calorimetry. For the conceptus, the uptake of substrates, oxygen, and calories may be expressed as the product of flow and AV difference (Fick principle); dividing these relationships of uptake by blood flow and total oxygen consumption yields the substrate/oxygen quotients.
For a nongrowing organ or organism producing calories oxidatively, there is no net retention of carbon and nitrogen. If each substrate is completely oxidized, then the moles of oxygen required can be calculated stoichiometrically from the net moles of substrate entering and exiting. If the entry and exit rates of all nutrients were known, then the total oxygen consumption could be calculated as the algebraic sum of oxygen required or produced for the complete oxidation or synthesis of each substrate. By definition: then, the total oxygen consumption of a nongrowing tissue equals the total oxygen required for complete oxidation of all net substrates, and the algebraic sum of all metabolic quotients for that tissue or organism must equal 1. In that case, the substrate/oxygen quotient of an individual substrate then represents the contribution of that substrate to the total organism's metabolism, expressed as a fraction of total oxygen consumption.
For a growing organism, the theoretical sum of all metabolic quotients is more complex. Again, assuming a completely determined and continuous net stream of nutrients entering the fetus, the oxygen required to completely oxidize this stream, TO2, can be determined. If the oxygen consumption, V02, is known, then the oxygen equivalenls that would be required for complete oxidatio? biologically of the substrates accreted in new tissue growth, GO2, can be estimated from the following relationship:
(1) 1'0, = VOz + GO2. The fraction of TO2 actually consumed, f, is given by (2) f = V02/T02. For the nongrowing animal cited earlier, GO2 = 0. Thus, in a nongrowing animal TO2 equals VOz, f equals 1, and the sum of metabolic quotients equals I . However, for a growing animal, TO2 > V02, f < I , and the actual AV difference of oxygen will be f times that required for complete biologic oxidation of the entering nutrient stream. The sum of the metabolic quotients, calculated using TO2 as the denominator, will be I . If V02 is used as the denominator, the sum of quotients will be > 1 and must equal 1/f.
If the present experiments, the sum of measured quotients = 0.83. For a nongrowing animal, this value would imply that we had identified 83% of the substrate flux entering the conceptus. However, the products of conception are growing rapidly. Recent measurements of fetal carcass accretion by Sparks et a/. (6) suggest that the caloric value of new tissue accretion in the guinea pig at 45 days is approximately 95 kcal. kg conceptus -'. day-', ofwhich approximately 40 kcal. kg conceptus-' .day-' is required for protein accretion. Since these figures are based on bomb calorimetric measurement of tissue accretion rather than biologic oxidation, the biologically catabolizable fraction would be about 90 and 35 kcal.kg conceptus -'-day-', respectively, carrying oxidation of amino acids only as far as urea. As noted by Kleiber (l7), the oxygen required to catabolize protein, carbohydrate, or fat is relatively constant at 4.7 kcal/liter 02. If the published values of acute measurements of oxygen consumption in the gravid uterus of the guinea pig (1 8) are converted to calories, this would correspond to approximately 55 kcal. kg conceptus-' day-'. Using these values, the value o f f would equal 55,495 + 55), or l/f about 2.7. Thus, the sum of quotients must equal approximately 2.7 under these conditions, with the result that the measured sum of quotients represents about a third of the actual nutrient stream entering the guinea pig fetus. It should be noted, however, that the actual oxygen consumption under unstressed conditions at this gestation may differ from the reported acute values, which would change the value off.
Uptake undprodttctzon of measured substrates. In interpreting the measured uterine AV differences and quotients, several additional points need to be considered.
First, the present data demonstrate significant lactate production by the conceptus. The metabolism of glucose to lactate results in a small amount of calorie and ATP production without associated oxygen consumption. This production is small, both on a caloric basis (glucose = 3.75 kcal/g, lactate = 3.62 kcal/g, difference = 0.13 kcal/g, or 3.5%) and on an ATP basis (glucose = 38 ATP/6 carbons, lactate = 36 ATP/6 carbons, difference = 2 ATP or 5.3%). For the present data, the glucose/oxygen quotient is decreased by 38% by the addition of the lactate/ oxygen quotient. The number of calories produced during production of lactate is small compared to the number of calories from glucose oxidation, and therefore, the addition of the lactate/ oxygen quotient to the glucose/oxygen quotient provides a reasonable estimate of net calories produced by the combined fates of glucose and lactate. The present sum of these quotients (0.83) remains substantially below the estimated sum of quotients, further documenting that other substrates are major fuels for the conceptus.
The uteroplacental tissues of sheep and cattle produce lactate under aerobic conditions, which is delivered into both the uterine and umbilical circulations (2) (3) (4) (5) . While the lactate production by the sheep placenta is quite large, with a uterine lactate/02 quotient of approximately -0.1 (4), the lactate production rate relative to O2 consumption is even larger in the guinea pig, where the lactate/oxygen quotient is -0.4. In both species, when the uterine glucose/02 quotient is adjusted for lactate production, the glucose not required for lactate production could account for approximately 75% of the oxygen consumption in both species [(glucose + lactate)/02 quotient = 0.751. Recent studies in our laboratory have demonstrated a similar phenomenon in the rabbit, where the (glucose + lactate)/02 quotient is about 0.6, the lactate/02 quotient being -0.9 (20) . Thus, in the cow, sheep, guinea pig, and rabbit, net lactate efflux from the uterus has been demonstrated. It is important to note that this lactate production occurs concurrently with net oxygen consumption. and does not imply anaerobic metabolism (4) .
Second, the FFA/oxygen quotient is not significantly different from 0. We estimate that fetal growth at this gestation in the guinea pig requires aproximately 3.5 g fat/kg fetal weight/day. A coefficient of extraction of 10-15% would be sufficient for FFA to meet this rate of fat accretion. This is below the semitivity of the methods used. The current data, therefore, do not preclude significant uptake of FFA, suficient to account for the fetal fat accretion rate. Since the guinea pig placenta has been shown to be permeable to FFA (20) (21) (22) , the uptake of E A by the uterus would not be surprising. This differs from the sheep. where the placenta is impermeable to FFA even when maternal FFA levels t Data from C h a r a n d Creasy (2).
Data from Comline a n d Silver (5) .
are increased by fasting (23) (24) (25) . In contrast, the perfused rabbit placenta has been shown to be permeable to FFA in experiments under acute conditions (26) (27) (28) . Third, the gravid guinea pig uterus clearly demonstrates a net acetate uptake despite the relatively low maternal arterial acetate concentrations. Table 3 presents the arterial concentrations of acetate in maternal arterial blood in the fed state for the sheep, guinea pig, and cow, which are 1.53, 0.42, and 0.90 mM, respectiveiy. The coefficients of extraction for acetate in these three species are 18, 9.7, and 28.9%, respectively. At this point in gestation, the acetate/oxygen quotient in the guinea pig is 0.04. Acetate has been shown to be taken up by the umbilical circulation of the fetal lamb (2) . Recently, Singh et al. (1 5 ) have shown a net uterine uptake of acetate in the sheep, where the acetate/02 quotient is 0.06. For the cow. utilizing data derived from Comline and Silver (51, the acetate/oxygen quotient is approximately 0.04.
Finally. a comment should bc made about alternate approaches to catheterization of the venous circulation in the guinea pig. Previously, Egund and Carter (29) have pointed out that the right ovarian vein can be catheterized in a retrograde fashion through a catheter inserted in the jugular vein, passed through the right atrium into the inferior vena cava, and then into the ovarian vein. Peetes el a/. (30) have used this approach for chronic catheterization of the uterine venous circulation in the guinea pig. The obvious advantage of this approach is that it does not require opening the abdomen and manipulating the uterus. However, with the modifications in anesthesia and in postoperative support outlined in this and previous papers from our laboratories, we have not found direct manipulation of the uterus to present a major problem in terms of fetal loss. The advantages of the direct operative approach used in the present report are that one can easily visualize the location of the catheter tip in the main confluence of the venous drainage, that the catheter is in the same direction as blood flow minimizing clotting problems, that one can determine at the time of surgery the number of fetuses in the catheterized horn, and that this method also does not expose personnel to radiation hazards inherent in the use of fluoroscopy.
